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Abstract. Four isotopes of radium with different half-lives exist in nature. In aquatic systems, radium isotopes 
present distinct characteristics in salt water and fresh water environments. In fresh waters, radium appears 
adsorbed to particulate material while in sea water radium presents a conservative behavior, being the 
concentration of different isotopes of radium governed by the processes of dilution, advection and diffusion, as 
well as radioactive decay. The four natural isotopes of radium are tracers extensively used to determine ratios of 
water mixture and to calculate the period since the radium was added to the water column. The short-lived 
isotopes, 223Ra (half-life = 11.4 days) and 224Ra (half-life = 3.66 days), are continually regenerated from decay of 
their thorium parents, which are perpetually bound to particles surfaces. On the other hand, the long-lived 
isotopes, 226Ra (half-life = 1600 yrs) and 228Ra (half-life = 5.7 yrs), require considerable time for regeneration. 
These fluxes must be sustained by input water from rivers, sediments, SGD, or other sources. In the present 
work, developed at the estuary of the Paraíba do Sul River, the short half-lived radium isotopes (224Ra and 223Ra) 
were determined using the technique of coincidence delayed developed. The isotopes of long half-lifed (226Ra 
and 228Ra) were determined by the technique of total alpha and beta counting, after the dissolution of the MnO2 
fiber used to pre-concentrate radium. 
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1. Introduction 
 
1.1. Natural radionuclides as tracers 
 
In its totality, coastal waters present excellent levels of dissolved activity of four isotopes of radium, 
that come from desorption processes of particle surfaces, as well as of the enriched submarine 
underground water contribution of this radionuclide, as it shows the Figure 1. A dynamic mechanism 
of compensation occurs systematically, in such a way that the contribution of radium in the 
neighboring areas of the coast are balanced for flows of each one of its isotopes in the direction of the 
open sea. 
 
Although two of these isotopes (223Ra and 224Ra) decay completely before reaching the continental 
edge, the others practically do not decay (226Ra and 228Ra). These differences in the decay taxes are 
highly significant, responsible for limitations in the use of descriptive models of the hydrodynamic 
behavior, to the measures that restrict information to about the movement and the water mixtures in 
the continental platform.  
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Figure 1: Schematical representation of the activity of a Ra isotope in an estuary as a function of the 
salinity. (a) Ra isotopes in an estuary (Rae) originating from rivers (Rar), from the ocean (Rao), and 
from additional processes (Raadd) such as desorption of particles and diffusion of sediments. (Adapted 
from Lee et al., 2005).  
 
 
 
 
 
 
 
 
 
 
 
 
 
The mixture of river water and sea water in an estuary is associated with several chemical, physical 
and biological processes. The properties of water mixtures in an estuary are controlled by ionic force, 
pH, chemical composition, flocculation, removal of organisms and adsorption or desorption of 
constituents, which can strongly influence the flow of chemical species into the ocean[1]. 
 
The natural utility of one radioisotope as a tracer in marine systems depends on its chemical and 
radiochemistry characteristics, its origins and the scale of time interest. 228Ra (t1/2 = 5.71 years) is a 
valuable natural tracer for processes of water mixtures in the order of 1 -30 years, but it is of little use 
in delineating relatively short term processes. 224Ra (t1/2 = 3,64 days), daughter of 228Th, is an ideal 
tracer for marine processes that occur in a 1-10 day scale. Processes with a time scale in this range 
include river-estuary and estuary-ocean exchanges, water mass movements on the continental 
platform, and interstitial water exchanges in salt marshes[2]. 
 
In fresh waters, Ra is intensely adsorbed to particles; in salty waters this element appears as mainly 
dissolved. These differences in the chemical behavior of Ra are due to a change in the coefficient of 
adsorbed Ra between fresh water and sea water. Experimental measures of the Ra release of particles 
carried through the river have proved that this mechanism was important in the Ra supply of the 
estuary. Since Th isotopes are strongly linked to sediment particles, they function as a continuous 
source of activity of 224Ra and 223Ra, which is regenerated in days. 
 
Therefore, the frequent mixture of the sediments next to the coast at a depth of up to a few centimeters 
supplies a source of activity of 224Ra and 223Ra followed by low activities of 226Ra and 228Ra. 
Underground water also supplies activities of 228Ra, 223Ra and 224Ra. Radium is incorporated in salty 
water whenever this enters in contact with sediments. When Ra characteristically presents adsorbed 
thorium isotopes in its composition, the sediments constitute a continuous source of radium with a 
short half life, very similar to the standards, which supply a continuous source of 220Rn and 219Rn. Due 
to the fact that most sediments present a higher activity of 232Th in relation to 235U, the initial activity 
of 224Ra will be considerably higher that that of 223Ra.  
 
1.2. Conservative behavior of radium isotopes 
 
All the cited radium isotopes present possible use as tracers, because, at the same time, present 
conservative behavior, that is, remain in water mass without precipitating, and also maintain constant 
their supply levels in the time necessary to develop a study with the objective of studying water 
mixtures.  
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In the specific case of short half life isotopes (223Ra and 224Ra), the minimization of their occurrence 
levels due to short-term decay is compensated by their continuous arrival in the water mass from 
sediments rich in thorium isotopes in the immediacy, promoting a short term quantitative regeneration.  
 
The movement of the elements dissolved in the water mass, tracers or not, is a function of the inherent 
processes to the proper movement of the water mass, diffusion and advection. The evaluation of the 
activities of 226Ra and 228Ra serves to determine the relative importance of each process. In the case of 
predominance of the diffusive process in the distribution of these isotopes in the direction of high-sea, 
the short half life isotopes (223Ra and 224Ra) can be used to calculate Kh (diffusion coefficient). 
 
The variation of the concentration or activity (a) of a non-reactive and conservative tracer throughout 
time (t) and as a function of distance (x), using the coastal edge as a reference point can be expressed 
as a dynamic process between diffusion and advection. However, the use of tracers that correspond to 
short half life isotopes requires the inclusion of an additional term, relative to decay: 
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where Kh is the coefficient of diffusion of eddy and w is the advective speed. Both w and Kh are 
common factors to all conservative tracers, including all the radium isotopes. 
 
In the specific case of the estuary of the Paraíba do Sul River, side effects are ignored in this one-
dimensional model and the distribution of isotopes is predominantly controlled by diffusive effect, 
being able, therefore, to reject liquid advection. As a result of this fact and due to the short half lives of 
both, the previous equation can be simplified, forbearing the component of advection: 
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In this in case that, the contour conditions are: 
A = Ao at x = 0 
A ® 0 as x ® ∞ 

 
Using as premise the fact Kh presents a constant value and that the system is submitted to a continuous 
regenerative process regarding tracer supply it is possible to estimate Kh using a ln graph of 223Ra or 
224Ra in function of the distance in relation to the coast, known the values of activity for a distance x. 
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where Ax is the activity at a distance x of the coast, Ao it is the activity at a null distance of the coast. 
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2. Methodology 
 
2.1 Determination of short half life isotopes (223Ra and 224Ra)  
 
Radium is extracted from sea water by means of a acrylic column filled with fiber glass, impregnated 
with manganese dioxide (Mn fiber), according to the Figure 2 below. The procedure adopted in its 
determination is based on the fact of that the radon produced by the radium decay is quantitatively 
expelled by the manganese fiber[3-1],[3-2]. In this system, helium circulates through the manganese fiber 
to remove 219Rn and 220Rn generated by the decay of 223Ra and 224Ra. Both cross a scintillation cell, 
where the deriving particles alpha of the Rn and its daughters’ decay will be caught by a 
photomultiplier tube (PMT) annexed to the cell.  
 
The pulses generated for the PMT then will be directed for a system of coincidence delayed adopted 
pioneered by Giffin et al. (1963)[4] and adapted for the measurements of radium by Moore and Arnold 
(1996)[5]. The system of coincidence delayed uses the difference between the decay constants of 
isotopes of short half life Po, daughter of 219Rn and 220Rn, for the identification of deriving particles 
alpha of the decay of 219Rn and 220Rn and thus determines the restrained activities of 223Ra and 224Ra in 
the manganese fiber.  
 
In the following analytical training period, the manganese fiber samples were kept in storage for 4-5 
weeks, in order to allow the balance of initial excess 224Ra with 228Th adsorbed by the fiber. After that, 
the samples were measured again, so that the activity of 228Th could be determined, propitiating 
subsidiaries for the necessary corrections of the results regarding supported 224Ra.  
 
Figure 2: RaDeCC system at the laboratory of radiometry of the Institute of Radioprotection and 
Dosimetry (IRD/CNEN). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 Determination of long half life isotopes (226Ra and 228Ra)  
 
After the determination of short half life isotopes (224Ra and 223Ra), the manganese fibers were 
leached, so that the long half life radium isotopes could be quantitatively removed. The alpha counting 
of 226Ra was conducted in a spectrometer of total alpha counting and beta, after approximately 21 
days, necessary so that the balance of Ra-Rn was reached, as well as for 224Ra and 223Ra to decay. 
228Ra was determined by the counting beta of the same precipitate, covering the system with a filter-
paper of equal diameter, to armor particles alpha of 226Ra and to count to the beta particles of the 
element of interest.  
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3. Results and Discussion 
 
3.1. Sampling 
 
The 1rst sampling campaign at the estuary of the Paraíba do Sul River was conducted during days 7, 8 
and 9 of August of 2007, in winter, with a predominance of dry weather, that is, when the river 
presents a low water outflow discharge into the ocean. This campaign was carried out in three 
transects, as presented in Figure 3. 
 
The 2nd sampling campaign was conducted through days 4, 5 and 6 of March of 2007, in the summer, 
with a predominance of rainy weather, that is, when the river presents a high water outflow discharge 
into the ocean. This campaign was carried out in three transects, as presented in Figure 3.  
 
Figure 3: Satellite imaging obtained during this study, showing the three study transects, chosen 
during the 1rst e 2nd sampling. 
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Table 1: Geographic data of the three transects of each sampling campaign. 
 

1rst Sampling 2nd Sampling 
Sample Distance* (km) Sample Distance* (km) 

1 0,2 1 0,0 
2 0,8 2 0,6 
3 1,4 3 1,2 
4 2,5 4 3,2 
5 4,4 5 8,2 
6 7,4 6 13,2 
7 10,4 7 18,2 
8 13,8 8 25,2 
9 1,1 9 32,2 

10 4,9 10 0,0 
11 7,4 11 0,6 
12 10,5 12 1,6 
13 14,1 13 3,6 
14 17,3 14 8,6 
15 22,9 15 13,6 
16 25,2 16 18,6 
17 0,7 17 25,6 
18 1,6 18 32,6 
19 3,1 19 0,0 
20 9,1 20 0,6 
21 11,5 21 1,6 
22 16,4 22 3,6 
23 21,4 23 8,6 
24 26,3 24 13,6 
- - 25 18,6 
- - 26 25,6 
- - 27 32,6 

 
 
3.1.1. 1rst Sampling 
 
Table 2 shows the Pearson coefficients of correlation involving the distance of the sampling points in 
relation to the estuary of the RPS and analyzed parameters.  
 
Table 2: Coefficients of correlation of 1rst sampling. 
 

 Si Ba Sal. 228Ra 226Ra Distance 
Si Pearson Correlation 1 .992(**) -.997(**) -.162 -.004 -.666(*) 
Ba Pearson Correlation .992(**) 1 -.989(**) -.264 -.178 -.693(**) 
Sal. Pearson Correlation -.997(**) -.989(**) 1 .254 .190 .648(**) 

228Ra Pearson Correlation -.162 -.264 .254 1 .012 -.006 
226Ra Pearson Correlation -.004 -.178 .190 .012 1 .424(*) 

Distance Pearson Correlation -.666(*) -.693(**) .648(**) -.006 .424(*) 1 
** The correlation is significant at 0,01 levels (2-tailed).  
* The correlation is significant at 0,05 levels (2-tailed).  
 
The northern area of the state of Rio de Janeiro is known by the presence of monazite at its beache. 
There is also a monazite extraction plant in the city of San Francisco de Itabapoana. Thus, the 
observed concentrations of 228Ra are superior to the ones of 226Ra, in contrast with the values observed 
by Reid et al. (1979)[6] in the region of the Gulf of Mexico.  
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On the other hand, the values obtained here are similar to those found in the region of Ubatuba and 
Ilha Grande Bay[7-1],[7-2],[7-3]. 
 
One strong correlation between salinity, barium and silicon can be noticed. The correlation between 
these three parameters of continental supply is shown in Figures 5 and 6. On the other hand, 228Ra and 
226Ra do not present a clear correlation with these parameters and not even between themselves, 
perhaps due to the low concentration variations of these elements in relation to distance, verified in the 
1rst sampling campaign, as shown in Figure 7.  
 
223Ra and 224Ra follow a exponential variation in relation to distance, as shown in Figure 8, in which 
the results of 1rst and 3rd graph are of enclosed transects. Using the inclination, it is possible to obtain 
the diffusion coefficient (Kh), from the formula cited previously, containing 15.1 km2 d-1 (R2=0,907) 
for 224Ra and 13.9 km2 d-1 (R2=0,611) for 223Ra.  

 
 

 
 

 
 
4.2. 2nd Sampling 
 
Table 3 shows the Pearson coefficients of correlation involving the distance of sampling points in 
relation to the estuary of the RPS and parameters analyzed in this study. 
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Table 3: Coefficients of correlation of 2nd  sampling. 
 

 Si Ba Sal. 228Ra 226Ra Distance 
Si Pearson Correlation 1 .928(**) -.962(**) .779(**) -.182 -.799(**) 
Ba Pearson Correlation .928(**) 1 -.964(**) .910(**) -.157 -.851(**) 
Sal. Pearson Correlation -.962(**) .964(**) 1 -.834(**) .223 .847(**) 

228Ra Pearson Correlation .779(**) .910(**) -.834(**) 1 .036 -.826(**) 
226Ra Pearson Correlation -.182 -.157 .223 .036 1 -.032 

Distance Pearson Correlation -.799(**) -.851(**) .847(**) -.826(**) -.032 1 
** The correlation is significant at 0,01 levels (2-tailed).  
 
Higher coefficients of correlation were obtained in this sampling campaign during the rainy season 
when comparing with the previous campaign, in the dry season (Table 2). In particular, more 
significant correlations with distance are observed, involving, also, 228Ra, long half life radium isotope, 
as described by Moore (1969)[8]. The negative correlation of 228Ra with distance demonstrates that 
diffusion is an important dispersion mechanism of deriving conservatives elements of the Paraíba do 
Sul River, also evidenced in Figure 9.  
 
Thus, based of the first two transect data, the ln graphs of 223Ra and 224Ra were constructed, in relation 
to coast distance (Figure 10). In a similar way as the one verified in the first sampling campaign, was 
obtained an exponential relation that allows the calculation of the diffusion coefficient (Kh). The 
calculated values were of 59.1 km2 d-1 (R2=0,935) for 223Ra and of 59.5 km2 d-1 (R2=0,938) for 224Ra.  
 
At the time of sampling, march represents a high outflow situation of the Paraíba do Sul River against 
a low outflow situation of august, verifying a substantial increase in the coefficient of diffusion in 
relation to the previous sampling. The correlations between salinity, barium and silicon were 
maintained in second sampling, as Figures 11 and 12, demonstrating to be the Paraíba do Sul River, 
the principal source of these two elements.  
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5. Conclusion 
 
Based on the results obtained by the two sampling campaigns in different seasons, the first in winter 
and second in summer, it was possible to conclude that the multitracers used in the study of water 
mixtures in the estuary of the Paraíba do Sul River: salinity, Si, Ba and isotopes of radium (223Ra, 
224Ra, 226Ra and 228Ra), presented satisfactory results regarding their use in the delimitation of the 
reach of the plume, as well as in the study of water mixtures in the estuary. One strong correlation was 
noticed between the tracers used in this study and regarding the distance to the coast.  
 
According to the results obtained throughout this study, it could be concluded that radium isotopes are 
more efficient tracers than the other parameters, such as salinity and Si, among others, due to the fact 
that they can be identified at bigger distances than these others. Moreover, regarding the results 
obtained for short half life radium isotopes (223Ra and 224Ra), one concludes that the plume of the 
Paraíba do Sul River goes beyond the 35 km. 
 
Based on the variation of the 223Ra/224Ra ratio it was possible to, in the first sampling, calculate the 
time necessary for the deriving waters of the Paraíba do Sul River to reach a distance of 26 km in 
relation to the coast, in the dry season, which was of approximately 9 days, contrasting with the rainy 
season, in which the waters of the Paraíba do Sul River took approximately 6 days to reach a distance. 
of 32 km. 
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